The Plant Cell, Vol. 6, 935-945, July 1994 © 1994 American Society of Plant Physiologists

Cutinase Gene Disruption in Fusarium solani f sp pisi

Decreases Its Virulence on Pea
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Fusarium solani f sp pisi (Nectria haematococca) isolate 77-2-3 with one cutinase gene produced 10 to 20% of the cutinase
produced by isolate T-8 that has multiple cutinase genes, whereas cutinase gene-disrupted mutant 77-102 of isolate
77-2-3 did not produce cutinase. On the surface of pea stem segments, lesion formation was most frequent and most
severe with T-8, less frequent and less severe with 77-2-3, and much less frequent and much milder with the gene-disrupted
mutant. Microscopic examination of the lesions caused by the mutant strongly suggested that it penetrated the host
mostly via the stomata. In seedling assays, 77-2-3 caused severe lesions on every seedling and stunted growth, whereas
the mutant showed very mild lesions on one-third of the seedlings with no stunting. Thus, cutinase gene disruption
resulted in a significant decrease in the pathogenicity of F. s. pisi on pea.

INTRODUCTION

Many phytopathogenic fungi penetrate directly through the host
cuticle to infect plants. Whether this penetration is assisted
by enzymatic degradation of cutin, the structural potymer of
the host cuticle, has been debated for the better part of a cen-
tury (van den Ende and Linskens, 1974; Kolattukudy, 1985).
Cutinase, the enzyme postulated to be involved, was first pu-
rified and characterized from Fusarium solanif sp pisi (Nectria
haematococca) grown with cutin as the sole source of carbon
(Purdy and Kolattukudy, 1975a, 1975b). That a cutinase, which
immunologically cross-reacts with the enzyme produced un-
der this saprophytic growth condition, is produced when F. s.
pisi penetrates the host cuticle during infection was demon-
strated using immunoelectron microscopy (Shaykh et al., 1977).
Inhibition of cutinase using a variety of mechanism-based in-
hibitors as well as with specific antibodies has been found to
prevent infection of pea stem with intact cuticle by F. s. pisi,
but such agents show no effect on infection of the stem with
breached cuticie (Maiti and Kolattukudy, 1979; Kéller et al.,
1982a, 1982b). In further support of the conclusion that as-
sistance by cutinase is important to infection by highly virulent
strains of F s. pisi, a mutant of a highly virulent T-8 strain of
F. s. pisi with reduced cutinase activity was found to have de-
creased virulence, and this virulence could be enhanced by
the addition of cutinase to the inoculum (Dantzig et al., 1986).
When the cutinase gene from F. s. pisi was transferred to Myco-
sphaerella, a papaya pathogen that infects only through wounds
(Dickman et al., 1982), the transformants that inducibly ex-
pressed the Fusarium cutinase were found to be capable of
infecting fruits with intact cuticle, and antibodies against the
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Fusarium cutinase prevented this infection (Dickman et al.,
1989). Thus, many different lines of evidence show that the
extracellular cutinase assists the highly virulent strains of
F. s. pisi to infect their hosts.

Because the highly virulent strains of £, s. pisi have multiple.
cutinase genes (Kolattukudy et al., 1985), strain 77-2-3, with
one cutinase gene, was used to generate cutinase gene—dis-
rupted transformants (Stahl and Schéfer, 1992). It was reported
that these transformants retained virulence, and therefore, it
was concluded that cutinase did not play a significant role in
pathogenesis. In this study, we describe results of a detailed
analysis of virulence of the same cutinase gene-disrupted mu-
tant on pea stem sections and pea seedlings and demonstrate
that cutinase gene disruption significantly decreased the
virulence.

RESULTS

Cutinase Inducibility in F. s. pisi Isolates T-8, 77-2-3,
and the Cutinase Gene-Disrupted Mutant 77-102

Cutinase production induced by growth on cutin as the sole
carbon source and by cutin hydrolysate in glucose-grown
cultures of F s. pisi isolates T-8, 77-2-3, and its cutinase
gene-disrupted mutant 77-102 was tested. p-Nitrophenyl buty-
rate hydrolase activity was induced to very high levels in T-8,
which is known to contain multiple cutinase genes as previ-
ously observed (Kolattukudy et al., 1985), whereas the wild-type
77-2-3, which probably contains only one cutinase gene (Stahl
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and Schafer, 1992), produced much less hydrolase, as shown
in Figure 1A; the gene-disrupted mutant produced hardly
detectable levels of hydrolase activity. Induction by cutin
hydrolysate in glucose-grown cultures gave similar results (data
not shown). Immunoblot analysis of the culture fluids revealed
only one band in both T-8 and 77-2-3 (Figure 1B). Even very
long exposure of the blots did not reveal a band at the same
size from the cultures of the gene-disrupted mutant.

The time course of production of immunologically detect-
able cutinase showed that the single gene—containing isolate
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Figure 1. Cutinase Production by F. s. pisi Isolates and a Cutinase
Gene-Disrupted Mutant.

(A) Induction of cutinase production in F. s. pisi isolates T-8 (®) and
77-2-3 (O) and cutinase gene—disrupted mutant 77-102 (A ) when grown
on cutin, as measured by p-nitrophenyl butyrate (pNB) esterase activ-
ity. Although the difference between 77-2-3 and 77-102 is not clear as
shown because of the low values, the actual OD4ys/min/mL for the 13-
day period are 34.9 and 1.2 for 77-2-3 and 77-102, respectively.

(B) Protein gel blot using antibody raised against F. s. pisi T-8 cutinase;
the position of cutinase is indicated by C and arrows. The numbers
in the middle show the positions of molecular mass markers in
kilodaltons.

(C) Immunologically measurable cutinase production induced by cu-
tin in isolates T-8 (@) and 77-2-3 (O) and mutant 77-102 (A). 3H-cutin
hydrolase activities of T-8 () and 77-2-3 ([J) are also shown. All proce-
dures are as described in Methods.
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Figure 2. Labeling of Active Serines in Extracellular Proteins.

An autoradiogram of an SDS-polyacrylamide gel of *H-DipF-treated
total extracellular protein from cutin-grown cultures of F. s. pisi iso-
lates T-8 and 77-2-3 and cutinase gene-disrupted mutant 77-102 is
shown. Spores (3.4 x 107) were used for inoculation of each culture;
the period of culture growth is indicated at the top and molecular mass
markers (Gibco-BRL) in kilodaltons are shown at left; the position of
cutinase is indicated by C and the arrow. Because of the differences
in total label incorporation, equal amounts of radioactivity (40K cpm)
rather than equal amounts of protein were subjected to SDS-PAGE.
All procedures are as described in Methods.

produced very much less cutinase than that produced by T-8
(Figure 1C). 3H-cutin hydrolase activity levels of the cultures
reflected the p-nitrophenyl butyrate esterase activity and the
immunologically detectable levels of cutinase (Figure 1C). The
maximal level of p-nitrophenyl butyrate esterase activity,
3H-cutin hydrolase activity, and immunologically detectable
cutinase induced in the 77-2-3 cultures were < 10, 16, and 17%,
respectively, of those produced by T-8. The culture fluid of the
gene-disrupted mutant did not show measurable cutin-
hydrolase activity.

To test for the possible production of other active serine-
containing cutinases by the Fusarium isolates or the gene-
disrupted mutant, extracellular proteins were treated with
3H-diisopropyl fluorophosphate (*H-DipF), and the products
were analyzed by SDS-PAGE and autoradiography, as shown
in Figure 2. Only one cutinase could be found in the filtrate
from the 48-hr culture of isolate T-8, and the same cutinase
was found at much higher levels after 10 days. Some smaller
molecular weight components, presumably representing pro-
teolytic nicks, were also seen. Isolate 77-2-3 also showed the



same cutinase and lower molecular weight products. However,
the amount of 3H-DipF labeling of extracellular proteins
showed that 77-2-3 produced only 5 to 11% of extracellular
active serine enzymes produced by T-8. With the cutinase
gene-disrupted mutant, 3H-DipF-labeled cutinase could not
be detected, although after 10 days small amounts of label
were found in higher molecular weight components as previ-
ously found (Stahl and Schéfer, 1992). Because the amount
of extracellular fluid from the mutant used for SDS-PAGE was
10 times that from the wild type, these higher molecular weight
proteins are only minor components. In any case, the relative
levels of cutinase revealed by 3H-DipF labeling are in agree-
ment with those shown by p-nitrophenyl butyrate esterase and
3H-cutin hydrolase activities and immunological measure-
ments. Thus, all of the results showed that the isolate 77-2-3

. produced much lower levels of cutinase than the highly viru-
lent T-8, and the cutinase gene-disrupted mutant had lost the
ability to induce production of cutinase by cutin or cutin
hydrolysate.

Cutinase Gene Disruption Limits Infection
of Pea Stem Segments

Because the natural site of infection of F. s. pisi is just above
the point of cotyledon attachment (Bywater, 1959; Kraft et al.,
1981), only a single segment of etiolated pea stems from just
above the cotyledon of each seedling was used for bioassays
so that the fungus would be presented to the same region of
the host in the bioassays as would occur in natural infections.
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In all cases, spore levels of 108, 104, 105, and 106 were placed
on the stem because the percentage of stem segments that
showed lesions depended on the inoculum level; at a very high
level (109) nearly all segments were infected, and differences
in virulence tended to be obscured as previously noted (Kdller
et al., 1982c). The time course of lesion development revealed
that most of the segments with 108 spores began to develop
visible lesions in 48 hr. The severity of lesions and the per-
centage of stem segments showing lesions increased more
rapidly when higher levels of spores were introduced. In spite
of variations in the frequency of infection, as shown in Table
1, daily observations with different levels of spores in four differ-
ent experiments clearly showed differences in the degrees of
virulence (Figure 3 and Table 1); T-8 was much more highly
virulent than 77-2-3, and the cutinase gene-disrupted mutant
consistently showed substantially less virulence than did the
wild type.

Visual examination of lesion development by the three
F. s. pisi cultures revealed that the gene-disrupted mutant -
resulted in much milder lesions that started as narrow brown
lines within the area where the infection droplets were placed,
whereas the wild type and T-8 resulted in more generalized
lesions throughout the area covered by the infection droplets.
To test whether the gene-disrupted mutant might have under-
gone coincident mutations that might have affected its
virulence, we compared the virulence of the wild type and mu-
tant on pea stems with mechanically breached cuticles. If such
coincident mutations were responsible for the decreased vir-
ulence, the mutants should show the same decreased virulence
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Figure 3. Time Course of Lesion Development in Pea Stem Bioassays.

Shown is the time course of lesion development when spore suspensions of F. s. pisi isolates T-8 and 77-2-3 and the cutinase gene-disrupted
mutant were inoculated on pea stem segments for the periods indicated. Spores (105 [@], 10* [O], or 103 [A]) in 5-uL droplets were placed on
each of 15 stems used for each data point.
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Table 1. Frequency of Lesion Development on Pea Stem
Sections by F. s. pisi Isolates T-8 and 77-2-3 and Cutinase
Gene-Disrupted Mutant 77-102

% of Pea Stems

Exp. Days of Spores/5-pl Infected
No. Incubation  Droplet T-8 7723 77-102
1 3 105 60 36 20
104 20 7 0
108 0 0 0
4 10° 85 57 26
104 47 14 13
108 7 8 0
5 10° 100 67 30
104 53 31 13
108 21 9 7
2 6 105 72 31 18
104 73 28 0
108 67 0 3
3 3 108 69 15 7
104 36 7 0
4 105 100 46 7
104 91 20 0

Pea stem infection assays were conducted as described in Methods.

level on stems with breached cuticles. However, on the host
with mechanically breached cuticle the cutinase gene-dis-
rupted mutant showed the same high degree of virulence as
did the wild type, as shown in Table 2.

Cutinase Gene Disruption Limits Entry into Host
to the Stomata

Microscopic examination of the lesion areas revealed that T-8
resulted in the most severe and generalized lesions with cell
collapse, as shown in Figure 4A. Isolate 77-2-3 resulted in less
severe but still generalized lesions with cell collapse (Figure
4B). However, the cutinase gene-disrupted mutant produced
mild lesions localized in certain stoma-associated regions
within the infection droplet area (Figure 4C). Figure 5A shows
the host stem, where infection normally occurs, with an open
stoma, and the lesion caused by the cutinase gene-disrupted
mutant started at the stomata and was often confined to the
stomatal region (Figure 5B). Staining of the lesion area showed
penetration of the fungus at the stomata; brown lesions mostly
at the stomata later spread as narrow brown lines from the
stomata in a longitudinal manner (Figures 5C and 5D). This
pattern was consistently observed in all of the experiments.
Thus, the cutinase gene—disrupted mutant produced lesions
in a smaller fraction of the stem segments, and the lesions
were milder and localized at the stomatal regions.

Cutinase Gene Disruption Decreases Virulence
on Pea Seedlings

We tested whether disruption of the cutinase gene also caused
lowering of virulence on intact whole plants. We applied mu-
tant and wild-type spores to vermiculite medium, and pea seeds
were planted in the inoculated medium. The level of spores
chosen was high enough to show a high degree of infection
with the wild type. As the seedlings grew, the level of shoot
growth was monitored. Generally, infection became visible by
8to 12 days, as shown by the lower number of seedlings emerg-
ing from the medium and the lack of vigor in the growth of
the shoots that emerged. Figure 6A shows representative seed-
lings grown in vermiculite inoculated with 77-2-3 and its
gene-disrupted mutant 77-102 as well as uninoculated control
plants. The overall growth of the latter two was indistinguish-
able, whereas infection was obvious with 77-2-3. Figure 68
shows all of the seedlings from a typical experiment. The seed-
ling growth clearly demonstrated a significant reduction in
virulence by cutinase gene disruption. Shoots of seedlings in
the batch inoculated with the wild type were so badly infected
that many of the seedlings hardly emerged from the medium,
whereas such cases were extremely rare when inoculated with
the gene-disrupted mutant (Figure 6B). The relative amounts
of the biomass and especially the mass of the shoots also
demonstrated differences in virulence, as shown in Table 3.
For example, total weight of the biomass (shoot and root) of
seedlings grown in the medium inoculated with the gene-
disrupted mutant was 50% more than that of the seedlings
inoculated with the wild type. The decrease in virulence was
even more clearly seen in the weight of the shoots; the seed-
lings inoculated with the gene-disrupted mutant had 80% more
mass than the shoots of the seedlings inoculated with the wild
type.

Table 2. Frequency of Lesion Development on I_ntact and
Mechanically Breached Pea Stem Sections by F. s. pisi
Isolate 77-2-3 and Cutinase Gene-Disrupted Mutant 77-102

% of Pea Stems Infected

Days of  Spores/5-ul 7723 77102
Incubation Droplet Breached Intact Breached Intact
3 105 93 19 100 0

104 93 13 93 0

108 93 0 76 0
4 10° 93 20 100 0

104 93 25 93 0

108 93 0 94 o]

Pea stem infection assays were conducted as described in Methods
except that in the breached assay each stem was pricked one time
with a sterile pin, and this breach was overlaid with § uL of spore
suspension.




Figure 4. Microscopic Examination of Lesions on Pea Stems.

Photomicrographs of inoculated pea stem sections are shown.

(A) Section inoculated with F. s. pisi isolate T-8.

(B) Section inoculated with F. s. pisi isolate 77-2-3.

(C) Section inoculated with the cutinase gene-disrupted mutant 77-102.
Each stem received 108 spores in 5 pL of H,O, and stems were
microscopically examined after 6 days of incubation at 24°C. After ex-
amining many stem segments from four different experiments, we
selected the representative segments that are shown. Procedures for
the stem assay and microscopy are as described in Methods.
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Lesion formation at the very base of the stem was found
in most of the seedlings planted in the medium inoculated with
spores of wild-type 77-2-3, whereas only less than one-third
of the seedlings in the medium inoculated with the gene-
disrupted mutant showed any lesions, as shown in Table 4.
Even these limited numbers of lesions were invariably much
smaller and milder. The stems from all of the seedlings from
one experiment are shown in Figure 6C. Clearly, the severity
of the lesions was dramatically less with the gene-disrupted
mutant.

To ensure the identity of the inoculated cultures and to make
sure that the fungi present in the medium at the end of the
experiment truly represented the inoculated isolates, fungal
cultures were obtained from the medium at the end of the ex-
periment. Gel blots of the DNA isolated from these cultures
and DNA from the original inoculum cultures were hybridized
with cutinase cDNA. The wild-type 77-2-3 showed a single ma-
jor hybridizing band with EcoRl, Hindlll, Pstl, and Sstl, and
the location of the band was shifted as expected as a result
of the gene disruption (data not shown). Figure 7 shows the
results obtained with Kpnl, which demonstrates gene disrup-
tion as has been previously reported (Stahl and Schéfer, 1992)
and shows that the isolates used for inoculation were the same
as those present at the end of the experiment. As seen previ-
ously (Kolattukudy et al., 1985), isolate T-8 showed multiple
cutinase bands, including a band corresponding to that found
in the wild-type isolate 77-2-3 (Figure 7).

DISCUSSION

F. s. pisi infection is sometimes called root rot but as pointed
out by others (Kraft et al., 1981), infection is more correctly called
foot rot to indicate that the actual infection starts at the base
of the stem at the cotyledonary attachment area. As a result,
the first visible symptom appears as black flecks on the
epidermis, and cytological studies indicate that the fungus ap-
pears in the epicotyl and hypocotyl before reaching the taproot
(Bywater, 1959); the taproot is most probably not the primary
site of entry of the pathogen. The results presented in this ar-
ticle clearly agree with such conclusions. Thus, the fungus
in the soil penetrates the base of the stem that is covered by
the cuticle. Chemical depolymerization and analysis of the
products by combined gas liquid chromatography and mass
spectrometry demonstrated that the cutin of the base of the
stem is composed of 10,16-dihydroxypalmitic acid and 16-
hydroxypalmitic acid (Maiti and Kolattukudy, 1979). Microscopic
examination of the bases of the stems described in this paper
clearly showed the presence of stomata in the region attacked
by this pathogen. Thus, fungi should be able to penetrate ei-
ther through the stomata or directly through the cuticle.
Obviously, the ability to penetrate through the cuticle that
covers most of the surface would aid in the infection process.
Therefore, F. s. pisi isolates capable of readily penetrating
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Figure 5. Microscopic Examination of Intact Pea Stems and Lesions Caused by Mutant 77-102.

(A) A stoma typical of those found in the pea stem 2 to 2.5 cm above the seed attachment in pea seedlings.
(B) to (D) Representative examples of progressive stages of infection of the pea stem by mutant 77-102.

through the cuticle would be expected to have higher virulence
when compared to those that can enter the host mostly through
the stomata. Thus, we have found that isolates capable of
producing high levels of cutinase showed high virulence on
tissue with intact cuticle (Kéller et al., 1982c; Podila et al., 1989).
A comparison of virulence of many F. s. pisi isolates (Miao et
al., 1991) with their ability to produce cutinase upon growth
on cutin as the sole carbon source (Kolattukudy et al., 1985)
supports this conclusion, except for a few isolates that have
high virulence on pea with breached cuticles but low virulence
on intact hosts. Obviously, the ability to penetrate through the
cuticle would not in itself make a virulent pathogen without
the other capabilities needed for infection. However, an isolate
with all such capabilities but incapable of penetrating through
the cuticle (such as isolate T-30) would be less virulent on in-
tact stems than isolates, such as T-8, that can penetrate through
the cuticle; both could be equally virulent on stems with
breached cuticles. In fact, isolate T-30 was found not to be
virulent on intact stems but showed as high a virulence as T-8

on stems with pinpricks to breach the cuticle wall barrier
(Kéller et al., 1982c).

Isolates with a high degree of virulence on intact tissue pro-
duce high cutinase levels and have multiple cutinase genes
(Kolattukudy et al., 1985); therefore, simple gene disruption
cannot be done on such high-virulence isolates, although the
role of cutinase would be expected to be most significant in
the infection by such isolates. As the results presented in this
article demonstrate, isolate 77-2-3, which probably contains
one copy of the cutinase gene, produced much less cutinase
and was much less virulent in pea stem bioassays than iso-
late T-8, which has multiple cutinase genes and produced very
high levels of cutinase. Both the frequency of lesion formation
and the severity of lesions support this conclusion.

Even with the low virulence of 77-2-3, the cutinase gene-dis-
rupted mutant revealed much less virulence, as shown by the
lower frequency of lesion formation on a pea stem with an in-
tact cuticle. This decreased virulence was clearly demonstrated
by the assays used in this study; these assays involved different
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A CONTROL 77-2-3 MUTANT 102

Figure 6. Infection of Pea Seedlings by F. s. pisi 77-2-3 and Cutinase Gene-Disrupted Mutant 77-102.

(A) Representative intact seedlings of an uninoculated control and seedlings inoculated with 77-2-3 or its gene-disrupted mutant 77-102.

(B) All seedlings from one experiment in which seedlings were grown on vermiculite inoculated with 77-2-3 or its mutant 77-102.

(C) The stems of seedlings inoculated with 77-2-3 (left) or its mutant 77-102 (right). Stems inoculated with 77-2-3 show severe lesions, and those
inoculated with mutant 77-102 exhibit a limited number of lesions.
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Table 3. Biomass of Pea Seedlings Grown on Vermiculite
inoculated with Spores of F. s. pisi Isolate 77-2-3 or Cutinase
Gene-Disrupted Mutant 77-102

Biomass (g/plant)

Exp.
No. Plant Organ 77-2-3 Mutant 77-102
1 Shoot 0.25 0.45

Shoot and root 0.56 0.84
(without cotyledon)

Experiment 1 included 36 plants infected with 77-2-3 and 31 plants
infected with 77-102 that were all harvested 10 days after planting
in inoculated vermiculite. Experiment 2 included 30 plants infected
with 77-2-3 and 29 plants infected with 77-102 that were all harvest-
ed 11 days after planting.

spore levels and observations on the progress of lesion de-
velopment. As shown by the results presented here, such
assays can detect differences in virulence. In a previous evalu-
ation of virulence of this mutant, multiple spore levels were
not tested and microscopic examination of the progression of
lesions was not reported (Stahl and Schéfer, 1992). There was
no evidence presented to indicate that the assay conditions
and methods used by these investigators to test for virulence
would have detected decreased virulence. Experimental vari-
ations in virulence would make it necessary to test multiple
levels of spores to assess virulence.

Our microscopic examination of the lesions generated sug-
gested that isolate 77-2-3 penetrated not only through stomata
but also through the cuticle, thus revealing lesions with cell
coliapse in the base area of many of the infection droplets;
however, this isolate showed much less virulence than T-8. On
the other hand, even the low number of mild lesions caused
by the cutinase gene—disrupted mutant were limited lesions
that showed close association with stomata. The resuits clearly
showed a lowering of virulence that was expected as a result
of the limitation of penetration only through the stomata. Stoma-
tal penetration of F s. pisi had been previously observed
(Bywater, 1959). It might be possible to overwhelm the host
tissue with very high levels of inoculum; this might result in
the entry of an adequate number of germinating spores through
the stomata and lead to more frequent lesion formation. In such
cases, if the progression of lesion formation is not carefully
examined and only depends on an end-point examination, the
lesions would have progressed to the point that the differences
in virulence would be obscured. In fact, our experience with
10 and higher spore levels showed that virtually all of the
stems are quickly infected and that the differences in virulence
are often less evident. That the cutinase gene—disrupted mu-
tant did not contain other coincident mutations that affected
virulence was shown by the observation that the mutant showed
the same high virulence as the wild type on pea stems with
mechanically breached cuticles; the wild type had been shown
to be highly virulent on hosts with mechanically breached

cuticles (Miao et al., 1991). Thus, the results presented here
clearly show that cuticular penetration was essentially abol-
ished by cutinase gene disruption, leading to drastically
decreased virulence on intact host tissue.

The virulence assessment on intact seedlings presented in
this article also revealed a clear decrease in virulence by dis-
ruption of the cutinase gene. The frequency of infection was
less than one-third of that observed with the wild type, and
even in these small numbers of lesions, the severity was drasti-
cally less in the case of the gene-disrupted mutant. The location
and nature of the lesions observed were very typical of what
has been described previously (Kraft et al., 1981). As is typi-.
cal for the F. s. pisi infection (Kraft et al., 1981), growth was
significantly decreased when seedlings were inoculated with
the wild-type Fusarium isolate 77-2-3, but inoculation with the
identical number of spores of the cutinase gene—disrupted mu-
tant of equal viability did not detectably affect seedling growth.
Examination of the seedlings showed that only a small frac-
tion of the seedlings inoculated with the mutant had any lesions,
and even these lesions were very mild and limited to small
regions and thereby not inhibiting seedling growth. Shoot
growth is usually most dramatically affected by Fusarium in-
fection (Kraft et al., 1981), and in our study, the loss of virulence
caused by cutinase gene disruption was clearly seen by the
shoot mass of the seedlings. That the observed infections were,
in fact, caused by the fungal isolates used for inoculation was
demonstrated by gel blot analysis of DNA isolated from fungi
cultured from the medium at the end of the experiment. Fur-
thermore, serial dilution assays confirmed that the viability of
the spores of the isolates used was identical. Thus, there is
no alternative but to conclude that cutinase gene disruption
drastically decreased virulence of £ s. pisi isolate 77-2-3.

The clear decrease in virulence caused by cutinase gene
disruption observed here occurred even though the Fusarium
isolate, 77-2-3, that was used in this study has only one cutinase
gene and produces much less cutinase than some of the other
more highly virulent isolates, such as T-8, that have multiple
cutinase genes and show higher virulence on intact host tissue.

Table 4. Lesion Formation on Pea Seedlings Grown in
Vermiculite Inoculated with Spores of F. s. pisi 77-2-3 and
Cutinase Gene-Disrupted Mutant 77-102

% of Plants Showing Lesions

Exp.

No. 77-2-3 Mutant 77-102
1 97 29

2 83 27

3 100 29

Plants were grown as described in Methods. For experiment 1, seed-
lings were grown in Magenta boxes at 26°C. For experiments 2 and
3, seedlings were grown in Phytacon containers at 22°C during the
night and at 25°C during the day.
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Figure 7. Genomic DNA Gel Blots for the Cutinase Gene.

DNA gel blots of Kpni-digested genomic DNA from F. s. pisi isolates
T-8 and 77-2-3 and cutinase gene-disrupted mutant 77-102. Preassay
refers to DNA from cultures used for inoculation, and postassay refers
to fungal cultures from the vermiculite at the end of the experiment.
T-8 is shown with the postassay for comparison. Molecular length mark-
ers (Gibco-BRL) in kilobases are shown at left. All procedures are as
described in Methods.

With such highly virulent isolates, cutinase would be expected
to play an even more important role in pathogenesis. Introduc-
tion of the cutinase gene from the highly virulent T-8 to isolate
T-30 (which has a single gene, produces a very low level of
cutinase, and has low virulence) enhanced the virulence of
T-30; the transformants of T-30, which had cutinase levels ap-
proaching that of T-8, also showed highly enhanced virulence
levels approaching that of T-8 (Kolattukudy et al., 1989). This
enhancement of cutinase production leading to higher viru-
lence and our results that show decreased virulence by
cutinase gene disruption strongly support the conclusion that
cutinase plays a significant role in the infection of peas by
F. s. pisi. In another gene disruption study that questioned the
role of cutinase in fungal penetration, the cutinase gene-
disrupted mutant of Magnaporthe grisea used for testing viru-
lence retained much of the cutin hydrolase activity of the wild
type (Sweigard et al., 1992); therefore, no valid conclusion could
be drawn about the role of cutinase in pathogenesis from this
study.

A combination of mechanical force and assistance from
cutinase probably allows penetration of most fungi that enter
the host through the cuticle. The relative role of cutinase in
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this process probably varies a great deal. In cases where the
cuticle is very thin and the pathogen forms highly melanized
appressoria that have the capability to apply significant me-
chanical force, assistance by cutinase could be minor. However,
in many cases, cutinase plays such a significant role that in-
fection can be prevented by inhibition of cutinase; this has been
demonstrated in several cases (Kolattukudy et al., 1994) and
includes protection of gerbera flowers from Botrytis cinerea
infection by monoclonal antibodies raised against the Botry-
tis cutinase (Cavete, 1992). However, under field conditions
fungal infection may involve penetration directly through the
cuticle, stomata, and wounds. Even in such cases, it might be
possible to control infection by the most virulent strains using
antipenetrants that would inhibit cutinase.

METHODS

Fungal Strains

Fusarium solani f sp pisi isolates T-8 and 77-2-3 were obtained from
H. Van Etten, University of Arizona, Tucson. The cutinase gene-dis-
rupted mutant of 77-2-3, designated 77-102, was obtained from W.
Schaéfer, Institut fir Genbiologische Forschung, Berlin. These isolates
were maintained on potato dextrose agar plates containing 0.5% (w/v)
ground pea stem (PPDA plates) (Crawford and Kolattukudy, 1987) at
24°C.

Cutinase Induction

To test for induction of cutinase in the three F. s. pisi isolates, spores
of each were harvested in H,O from two 6-day-old fungal plate cul-
tures and used to inoculate 100 mL of mineral medium (Hankin and
Kolattukudy, 1968) containing 1.5% glucose. After cultures were grown
for 48 hr at 24°C with shaking at 200 rpm, 4 mL of the resulting fungal
suspension was used to inoculate each of eight Roux bottles (VWR
Scientific, Chicago, IL) with 100 mL of minimal medium containing 05 g
of apple cutin powder (Walton and Kolattukudy, 1972). To test for cutinase
production, at 24-hr intervals 1 mL of extracellular medium was re-
moved from each bottle; the eight samples from each set were pooled
and assayed spectrophotometrically for esterase activity using p-nitro-
phenyl butyrate (Sigma) as the substrate (Purdy and Kolattukudy, 1973).

3H-Cutin Hydrolysis by Extracellular Fluid

Appropriate volumes of extracellular fluid were incubated with 4 mg
3H-cutin, prepared as previously described (Purdy and Kolattukudy,
1975a), in a total volume of 1 mL of 50 mM glycine-NaOH buffer, pH
10.0, for 10 min at 30°C in an orbital shaking water bath at 80 rpm.
At the end of the incubation, reaction mixtures were quickly filtered
through tightly packed glass wool, the filtrate was centrifuged 2 min
in a microcentrifuge (Eppendorf, model 5415; VWR Scientific) to pel-
let any remaining fine particles of 3H-cutin, and 0.4 mL of the
supernatant was assayed for ®H in Scintiverse I-BD (Fisher, Cincin-
nati, OH) using a liquid scintillation counter (model no. LS3801;
Beckman Scientific, Fullerton, CA) at 60% counting efficiency.
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Protein Gel Blot

A 4-mL aliquot of each extracellular fiuid sample was dialyzed against
H,0 and lyophilized; the residue was redissolved in 0.5 mL of H,O.
Aliquots (25 ulL) were subjected to SDS-PAGE (Laemmli, 1970) with
a 12.5% resolving gel, and the separated proteins were transblotted
onto a Nytran Plus membrane (Schleicher & Schuell), blocked with
5% nonfat dry milk in 50 mM Tris-HCI, pH 7.2, with 200 mM NaCl and
probed with rabbit antibody raised against cutinase from isolate T-8
(Soliday and Kolattukudy, 1976) and '?5l-protein A (10 uCi/ug; Du
Pont-New England Nuclear). The iodine-125 in the immunoblot was
quantitated with a phosphorimager (Molecular Dynamics, Sunnyvale,
CA).

3H-Diisopropylfluorophosphate Labeling of
Extracellular Proteins

Roux bottles containing mineral medium with cutin were inoculated
with 3.4 x 107 spores of each isolate. Extracellular fluid, which was
collected by filtration of the culture through two layers of Whatman
No. 1 filter paper after 48 hr and 10 days of growth, was concen-
trated to 50 mL by ultrafiltration using an Amicon PM-10 membrane
(Amicon, Danvers, MA), dialyzed against water overnight at 4°C,
lyophilized to dryness, and redissolved in 1 mL of H,O. Aliquots
were treated in 0.25 mL of 50 mM sodium phosphate buffer, pH 80,
with 3H-diisopropylfluorophosphate (3H-DipF) (25 uCi) (4 Cif/mmol, Du
Pont—New England Nuciear). After a 2-hr incubation at 24°C, the pro-
teins were precipitated with 7.5% trichloroacetic acid and redissolved
by boiling in Laemmli loading buffer (Laemmli, 1970). Aliquots (40,000
cpm) of each sample were electrophoresed as described above. The
gel was treated with the autoradiography enhancer Fluoro-Hance (Re-
search Products International, Mount Prospect, IL) according to the
manufacturer's instructions, dried, and exposed to x-ray film.

Pea Stem Bioassay

Pea seeds (variety Extra Early Alaska; Livingston Seed Co., Columbus,
OH) were surface sterilized with a 5% solution of Clorox (The Chlorox
Company, Oakland, CA) for 1 to 5 min and washed for 2 hr under run-
ning H,O. After soaking overnight in H O, peas were planted in a
shallow layer of sterile vermiculite and grown for 5 to 7 days at 25°C
in the dark. From each seedling, a 2- to 2.5-cm segment of the stem
immediately above the cotyledon was excised for bioassays; all manipu-
lations were done under sterile conditions. Spores from each isolate
were harvested in H,O from 5- to 10-day-old cultures grown on PPDA
plates, filtered through sterile Miracloth (CalBiochem, San Diego, CA),
washed twice with water by resuspension and centrifugation, and quan-
titated with a hemocytometer. The volume was adjusted to give 106,
105, 104, or 103 spores per 5 ul.. Only microconidia were used for bio-
assays. Serial dilutions of the spore suspensions were plated on PPDA
plates to determine relative viability.

For each sample, 15 stem sections were placed on H,O-saturated
filter paper in a sterile Petri dish, and 5 L of the spore suspension
was placed on the center of each section and incubated in a water-
saturated container in the dark at 24 to 26°C. The moisture level of
the assay chamber and Petri dishes was kept high by adding H;O as
necessary; spore droplets were not allowed to dry. Lesion develop-
ment was monitored daily. Because of the variation in the frequency
of lesion formation observed in four different experiments, the values

are not averaged. instead, the time course of lesion formation is shown
in Figure 3, and frequency of lesion formation from three additional
experiments is shown in Table 1; the frequency of lesion formation is
expressed as the percentage of the total number of stem sections that
showed lesions.

To microscopically examine the lesions, a thin layer of the stem with
the infection area was excised and placed on a microscope slide under
a coverslip. The stem section was stained with 50 uL of lactophenol-
cotton blue for § min. After removal of excess dye, the stems were
observed at 200x magnification with an Axiophot microscope (Carl
2Zeiss, Inc., Thornwood, NY); representative views were photographed
using Ektachrome film (160T, Kodak).

Whole Plant Bioassay

Sterile vermiculite in either Magenta boxes (6 x 6 cm, 6-cm depth;
216-cm? volume; Sigma) or Phytacon containers (10-cm diameter, 13-
to 14-cm depth; 850-cm? volume; Sigma) was thoroughly and evenly
wetted with an appropriate volume of spore suspension, prepared as
described above, and adjusted to 2 x 105 spores per mL; for Magenta
boxes, 100 mL of spore suspension was needed, and for Phytacon
containers, 400 mL was required. Surface-sterilized pea seeds (30 per
container) were planted at ~3 cm deep into the vermiculite and in-
cubated with a 15-hr day at various temperature regimes (24°C constant
or 25°C day, 22°C night) for 10 to 12 days. Plants were watered period-
ically by the application of a misting spray. The seedlings were examined
for lesions. Biomass of the seedlings and separate mass of the shoots
and roots were determined. At the end of the experiment, the fungus
was cuitured on PPDA plates from the vermiculite and subsequently
grown on glucose for DNA isolation.

Genomic DNA Gel Blots

Cultures of T-8, 77-2-3, and gene-disrupted mutant 77-102 used for in-
oculation of pea stems and fungal cultures obtained from vermiculite
after seedling growth were grown for 48 hr on glucose as described
above. Genomic DNA was prepared from the mycelia harvested by
filtration as previously described (Kdmper et al., 1994). Single-enzyme-
restriction digests of 10 ng of each DNA sample were electrophoresed
on an 0.8% agarose gel and transferred by vacuum blotting to a Nytran
Plus membrane. The blots were hybridized with 32P-random primer-
labeled F. s. pisi isolate T-8 cutinase cDNA (950 bp) (Soliday et al.,
1984) and washed with 2 x SSPE (1 x SSPE is 0.15 M NaCl, 10 mM
sodium phosphate, 1 mM EDTA, pH 74; Sambrook et al., 1989) con-
taining 0.2% SDS at 37°C.
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